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ABSTRACT 

Monte Carlo methods are being used in performing a parameter study 

of the transport of neutrons through slabs of aluminum, polyethylene, carbon, 

and iron for use in further machine calculations of the neutron dose in space 

vehicles which results from proton-induced nuclear evaporation, The calcula- 

tions being performed are for plane isotropic monoenergetic neutron sources 

located at various depths within a slab shield, 

source energies were selected so that data for slabs of up to 30 cm thick and 

source energies between 0,s !lev and 14 \lev could be obtained by interpolation 

from the Monte Carlo calculations, 

The soure plane locations and 

The results obtained to date are mainly from aluminum, and show that 

the amount by which the boundary effects influence the dose rate transmitted 

through slabs is highly dependent on both the location of the plane isotropic 

source within the slab and the slab thickness, 

factor of 3 in the transmitted dose rate are noted between the slab results and 

Differences of as much as a 
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I "RODUCTI ON 

During recent years t he  transport of secondary neutrons produced 

i n  proton shields  has been investigated i n  order t o  determine the importance 

of t h i s  component f o r  space radiat ion shielding. 

evaporation neutrons a t  shield thickness Z is usual ly  given by t h e  equation 
Z 

The dose due t o  proton-induced 

D(Z) = T(Z-Z') S(Z')dZ' 

where S(Z@) is the  evaporation neutron source term a t  posit ion Z g  and T(Z=Zv) 

i s  the  dose transmission function. Even with t h e  assumption tha t  evaporation 

negtrms zre emitted i so t ropica l ly  with a f i s s ion  neutron spectrum there is 

very l i t t le  data available giving the  transmission function T(Z=Z') fo r  plane 

sources located within a f i n i t e  slab.  ?loments method data are available f o r  

a few elements and compounds1; however, these data apply only t o  an i n f i n i t e  

homogeneous medium so tha t  heterogeneous s lab configurations and boundary effects 

are not taken in to  account properly. 

a few elements and  compound^*,^@^,^; but these data a l so  a r e  not avai lable  f o r  

s lab  compositions and boundary conditions of i n t e re s t ,  

Vonte Carlo data a re  a l so  avai lable  f o r  

In order t o  provide data on neutron dose transmission which takes in to  

account boundary effects, a parameter study is  current ly  being conducted on the 

transport  of neutrons from monoenergetic plane i so t ropic  sources embedded i n  

s labs  of aluminum, carbon, polyethylene, and i ron t h a t  range i n  thickness from 

1 t o  30 cm, 

The neutron transmission calculations a re  being performed on hbnte 

Carlo codes developed f o r  both s lab and i n f i n i t e  medium geometries 6 7  8 

s u l t s  obtained t o  date  are mainly f o r  aluminum. 

The re= 

The fast neutron cross sections 
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used i n  t h e  Mnte  Carlo calculations for a l m i n m  were taken from compila- 

tions*” prepared by United Nuclear Corporation. A search of t h e  l i t e r a t u r e  

revealed t h a t  there  were no data available f o r  point and plane isotropic  mono- 

ene rgehc  sources i n  an i n f i n i t e  homogeneous medium of aluminum, therefore,  

calculat ions f o r  these geometries were performed so t h a t  comparisons could be 

made with the  r e s u l t s  of t he  s lab problems, 
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METHODS 

6 The C18 Monte Carlo slab penetration code is beingi used to compute 

the transmission of monoenergetic neutrons emitted by a plane isotropic mono- 

energetic source located within a slab of finite thickness. The normal thickness 

of a slab in centimeters is denoted as Z. For each slab thickness, problems were 

run for each of six source locations: 

0,99Z, The use of these source locations allows one to obtain, by interpolation 

of the Monte Carlo calculations, data for other source locations. The source 

energies being used in the C18 Monte Carlo calculations were chosen to represent 

important segments of the evaporation neutron specttum. 

in the calculations were selected to represent slab thicknesses within the range 

12 Z 

dose rak were obtained from the data reported by HendersonlO. 

below which neutron histories areterminated is 0.2 klev. 

O,OlZ, 0.19Z, 0.392, 0,592, 0.792, and 

The slab thicknesses used 

30 an, The factors being used to convert neutron flux to RBE tissue 

The neutron energy 

The results being obtained fromthe slab calculations are: 1) the angu- 

lardistribution of the transmitted fast-neutron dose rate, 2) the energy and 

spatkl distribution of the neutron flux within the slab, and 3) the spatial 

distribution of the dose rate within the slab. 

7 
Calculations are also being performed using the K74 Monte Carlo Code 

todetermine the fast-neutron dose rate as a function of distance R and angle from 

point isotropic monoenergetic sources in infinite homogeneous media. The results 

are used as the attenuation kernel G(R,Eo) in a PORTRAN program which converts 

the point isotropic source calculation to that for  a plane isotropic source by 

evaluating the integral: 
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in which Zsece corresponds to R. 

rate in an infinite hmogefieous mediian at a distance Z frm a plane isotropic somce 

emitting neutrons of energy Eo, 

The quantity T(Z,Eo) is the fast-neutron dose 

The dose rates G(R,Eo) were adjusted by use of the calculated angular 

distribution of the dose rate in the infinite homogeneous media to obtain a modified 

attenuation kernel, G'(R,Eo), for use in calculations of the dose rate at a material- 

vacwm interface located Z centimeters froh a plane isotropic source in a semi-infinite 

medium, In these calculations, the integral 

was evaluated by the useof a FORTRAN Program, The quanity T'(Z,Eo) is an approxima- 

tion ofthe dose rate at the material-vacuum interface of a semi-infinite medium 

where the interface is located Z centimeters from a plane isotropic source parallel 

to the boundary, 

of plane boundaries on neutron dose rate transmission through slab shields 

Comparison of the quanities T(Z,Eo) and T'(Z,Eo) shows the effects 

I 
I 
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RESULTS 

Figure 1 shows the  var ia t ion of t h e  fast-neutron dose r a t e  transmitted 

through aluminum slabs wi th  source energy f o r  several  s lab  thicknesses Z where 

t h e  source i n  a l l  problems was a plane isotropic source located 0,99 Z cm from 

the  e x i t  face of each slab,  

s lab  of given thickness increases rapidly with increasing source energy for source 

energies between 0,s and 2 MeV, 

r a t e s  f o r  a given s l ab  thickness level off and show a gradual increase with increas- 

ing source energy up t o  8 Fkv, 

I t  is seen tha t  the  dose r a t e  transmitted through a 

For source energies greater  than 2 ?kv t h e  dose 

Figure 2 presents transmitted dose r a t e s  from a 4 blev plane i so t ropic  

source as a function of source posit ion in  aluminum slabs ranging i n  thickness 

from 2 t o  30 centimeters. The effect of holding the  source posit ion constant and 

increasing t h e  s lab  thickness behind the source plane may be seen i n  t h i s  figure, 

I t  shows t h a t  f o r  a source plane located a t  a f ixed distance from t h e  e x i t  face of 

t h e  s lab ,  t h e  transmitted dose rate increases t o  a maximum as the  s l ab  thickness 

is  increased from 0 t o  10 centimeters behind the  s lab ,  

cate tha t  t he  transmitted dose rate f o r  a plane isotropic  source located a fixed 

distance from a s lab  boundary is highly dependent on the  s lab thickness Z ,  

These r e s u l t s  c l ea r ly  indi-  

Table I contains a tabulation of t he  results of the  bbnte Carlo calcula- 

t ions  giving the fast-neutron dose r a t e  transmitted through aluminum s labs  of various 

thicknesses for  plane isotropic  monoenergetic sources with energies of 0 , 5 ,  1, 2, 3, 

4,  6, and 8 Wv, 

O , O l Z ,  0,19Z, 0,392, 0,592, 0,792, and 0,99Z, where Z is t h e  s lab  thickness i n  cent i=  

meters, 

rate from a plane isotropic  source located a t  0,99Z cm inside the  s l ab  it is seen 

t h a t  f o r  a given energy, the  transmitted dose rate increases with increasing s lab  

The source planes were located a t  distances within each s l ab  of 

From an examination of the  data given i n  Table I f o r  t he  transmitted dose 
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thickness up to about 10 cm where a decrease with increasing slab thickness is 

noted,, 

plane is located from the slab face increases as the slab thickness increases, The 

attenuation of the direct beam for a source location at 0,99Z cm increases with in- 

creasing slab thickness Z, This increase in attenuation of the direct beam results 

in a slight decrease in the transmitted dose rate for Z greater than 10 cm since 

the scattered dose rate does not appear t o  increase as the slab thickness is in- 

creased beyond 10 an, 

This decrease results from the fact that the distance at which the source 

The angular distributions (remnhr 0 steradian/neutron 0 cmlD 0 sec-l) of the 

transmitted fast-neutron dose rate through aluminum slabs of various thicknesses 

are shown in Figure 3, where ++ is the angle between the direction of the trans- 
mitted dose rate and a normal to the slab surface, 

nesses of 6 cm or less the shapes of the angular distributions do not vary rapidly 

with increasing 2, 

than 6 cm changes slowly with increasing thicknesses up to about 10 an, For thick- 

nesses of 10 cm and more the shapes of the angular distributions do not change with 

increasing thickness, 

and 30 cm can be described fairly well by a cos lo5 8 distribution, 

It is noted that for slab thick- 

The shape of the angular distributions for slab thickness greater 

The shape of the distributions for 8 >  ZOO and Z = 10, 15, 20, 

~ 

The angular distribution of the transmitted fast-neutron dose rate for 

a source plane located 6 an from the exit face is shown as a function of the slab 

thickness in Figure 4, There is little difference noted in the shapes of the dis- 
I 

tributions as a function of slab thickness, but there is a considerable difference 

in the magnitude of the dose rate, The transmitted dose rate increases rapidly as 

the slab thickness behind the source plane increases from 0 to 10 cm, As the slab 

thickness behind the source increases beyond 10 cm there is little difference noted 

in the magnitude of the transmitted duse rate, 

The spatial distribution of the fast neutron fluxes within a 30 cm thick 
- 13 - 
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aluminum slab is presented in Figure 5 as a function of energy for the case where 

a 6 Mev plane isotropic source is located at one face of the slab, 

beam flux, as expected, falls off more rapidly with distance from the source plane 

than the fluxes in any of the energy intervals indicated. 

magnitude of the neutron fluxes decreases with decreasing energy for neutron energies 

between 6 and 3.68 Mev. 

of the fluxes increases with decreasing energy, 

distributions of the fluxes in the energy intervals indicated fall off less rapidly 

with increasing distance from the source plane as the neutron energy decreases in 

magnitude, 

The direct 

It is noted that the 

For neutron energies between 3.68 and 0.2 Mev the magnitude 

It is also noted that the spatial 

The effect sf slab thickness on the neutron energy spectrum at a distance 

of 15 cm from a 6 ?lev plane isotropic source located on one face of both a 15 and 

30 an thick aluminum slab is shown in Figure 6. It is seen that the thickness of 

the aluminum beyond the detector plane has little effect on the neutron fluxes above 

5 Mev, 

flected from the material beyond the detector plane is seen to be quite large for 

scattered neutron energies below 5 Vev, 

I 

The contribution to the flux at 15 cm from the source plane by neutrons re- 

! 
I Most machine programs that have been developed for the purpose of corn- 

puting the radiation field inside a specified space vehicle compartment have made 

use of infinite medium dose transmission data in evaluating the dose resulting 
I 

I 
I 

from the production and transmission of proton-induced evaporation neutrons There- 

fore, it is instructive to see how the slab results for neutrons differ from the 

results obtained from calculations of neutron transport in both infinite and semi- 

infinite medium geometries. 

The variation of the fast-neutron dose rate with distance from a 6 bkv 

plane isotropic source for both an infinite homogeneous medium of aluminum and a 

semi-infinite medium of aluminum is seen in Figure 7, The neutron dose rate in the 
- 16 - 
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i n f i n i t e  medium case is about a factor  of 1.5 greater than t h a t  computed f o r  a 

seEi - inf in i te  medium. 

calculat ions,  they both f a l l  o f f  with distance from the  source plane a t  about the  

same rate. These r e su l t s  indicate  t h a t  approximately 33 percent of t he  dose rates 

i n  an i n f i n i t e  medium of aluminum is contributed by neutrons undergoing co l l i s ions  

in  the  aluminum beyond a plane through t h e  detectors,  

.4lthmgh there  is  a difference i n  magnitude between t h e  two 

The r e su l t s  obtained from the  s lab problems f o r  t he  case where the  source 

posi t ion is varied within a 30 cm t h i c k  aluminum s lab  and for the  case where the  

source location is 0.0IX an inside slabs whose thicknesses are varied from 0 t o  30 

an are a l s o  shown i n  Figure 7. 

effect of t h e  (30-Xj m of alw-fiinm lying behind the soii'ice p k i x  c;n thz trms- 

mitted dose rate. 

The difference between these two curves shows t h e  

For source posit ions near t he  exit  face, small values of X, there  should 

be l i t t l e  difference between the  transmitted fast-neutron dose rates f o r  the  30 

cm thick s l ab  and the  semi-infinite medium case. As X increases, t h e  value of (30-X) 

decreases and the transmitted dose rate resu l t ing  from neutrons hack sca t te r ing  from 

t h e  material lying behind t h e  source plane decreases, 

giving the  dose r a t e  transmitted through a 30 an t h i c k  s lab  and a semi-infinite 

medium as a function of distance from the source plane w i l l  spread apart  with in- 

creasing X. Some of t h e  difference noted between the  two curves a t  large X could 

possibly r e s u l t  from the  smoothing by eye of t h e  calculated angular d i s t r ibu t ion  of 

dose rates as a function of distance from a point i so t ropic  source i n  an i n f i n i t e  

medium of aluminum. 

made t o  t h e  kernel G(R,Eo) t o  obtain the kernel G'(R,Eo) which was used i n  calculat- 

ing the  semi-infinite medium dose rates, 

As a re su l t ,  the  two curves 

These smoothed data were used i n  determining the modifications 

The dose rate curves shown i n  Figure 7 f o r  a s lab  of 30 cm i n  thickness 
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and for slab thicknesses equal to X represent the envelopes of the calculated 

tranmftted dnse rates for a6hkv plane isotropic source as a function of slab thick- 

ness and source position, 

from the source plane is shown in Figure 7 to illustrate the fact that dose rate 

buildup factors for each of the various calculations shown in Figure 7 will differ 

significantly, 

The direct beam dose rate as a function of distance 

A better understanding of the effects of the boundaries of a slab on the 

transmitted dose rate can be obtained from comparisons of the calculated spatial dis= 

tribution of the dose rate within a slab with that calculated for both infinite and 

semi-infinite media. 

aiuminum slab for a 6 ??e< phze i s a t rq i c  scmce located lli? on inside the slab 

is shown in Figure 8. 

isotropic source in an infinite medium of alminun is also shown for comparison with 

the slab results. 

results at distances from the source plane that are within 10 cm of each of the slab 

boundaries. 

The spatial distribution of the dose rate within a 30 cm thick 

The spatial distribution of the dose rate from a 6 Ffev plane 

It is seen that the slab dose rates drop below the infinite medium 

The spatial distribution of the dose rate from a plane isotropic 6 Fkv 

source located 6 .3  an from one of the boundaries of a 30 cm thick slab of aluminum 

is shown in Figure 9. 

shown in the figure for comparison with the slab results, 

6 .3  an from a boundary of the slab, the slab boundary at 30 cm effects mainly the 

dose in the slab for distances into the slab of from d 1 5  to 30 an, 

into the slab of between 0 and 15 cm, the effect of the boundary at 0 cm is to 

reduce the slab dose rate below the infinite medium dose rate. The dose rates at 

each boundary for the 30 an thick slab case are approximately a factor of two be= 
low that computed for an infinite medium. 

The spatial distribution of the infinite medium dose rate is 

Since the source is only 

For distances 

The spatial distribution of the dose rate within a 30 cm thick slab for 
- 21 - 



4 

n 

a 
- 
'U 

m 

2 

lo-' 

8 

6 

4 

2 

10- 

1 I I I I 

SOURCE 
PLANE 

iDlUM INFINITE MEDIUM 

Q 3 

/La 

30 C M  SLAB 

I I I I I 
I 6 12 18 24 30 

NORMAL DISTANCE INTO SLAB (cm) 

COMPARISON OF C 
DOSE RATE SPATIAL 
SLAB WITH INFINITE 
ISOTROPIC SOURCE 

ALCULATIONS OF THE FAST-NEUTRON 
DISTRIBUTION IN A 30 CM ALUMINUM 
MEDIUM CALCULATIONS: 6 Mev PLANE 
LOCATED 11.7 CM FROM SLAB BOUNDARY 



I I I I ~ 1 -  

3 

I I I I I 

6 12 18 24 30 
NORMAL DISTANCE INTO SLAB (cm) 

Figure 9. COMPARISON OF CALCULATIONS OF THE FAST-NEUTRON 
DOSE RATE SPATIAL DISTRIBUTION I N  A 30 CM ALUMINUM 
SLAB WITH INFINITE MEDIUM CALCULATIONS 6 Mev PLANE 
ISOTROPIC SOURCE LOCATED 23.7 CM FROM SLAB 
BOUNDARY 

- 23 - 



a 6 Fkv plane isotropic  source located 0.3 m from one face of the s lab  is shown 

i n  Figure 10, 

increases, the  thickness of aluminum beyond t h e  detector  plane decreases. 

distances from t h e  source plane of from 0 t o  20 cm one would not expect t h e  boun- 

dary a t  X=30 cm t o  have much effect on the spa t i a l  d i s t r ibu t ion  of t h e  dose rate 

i n  the  30 cm thick slab. 

As t he  distance X between t h e  source plane and detector plane 

For 

The data shown i n  Figure 10 for a 30 an thick aluminum slab are a l so  

compared i n  the  figure with t h e  spa t i a l  dis t r ibut ion of t h e  dose rate f o r  a semi- 

i n f i n i t e  medium. 

the  aluminum s lab  for  X > 3 0  cm a s  well as t o  the lef t  of the  source plane, 

t he  semi-infinite medium case there  is a vacuum beyond the  detector plane, 

two calculat ions are seen t o  be i n  agreement f o r  distances of up t o  20 cm from the  

source plane. 

s u l t .  

t h a t  t he  effect of a vacuum t o  t h e  left of the  30 an thick s lab  is approximately 

the  same as t h e  effect of the  vacuum t o  t h e  r igh t  of t h e  detector  plane i n  the  

semi- inf ini te  medium case. A s  t h e  distance X from the  source plane i n  the  30 an 

thick s lab  case becomes greater  than 20 cm, t h e  effect of both boundaries on the  

dose is t o  reduce the  s lab  dose rates below the semi-infinite medium dose rates, 

In t h e  30 an thick slab case there is a vacuum t o  the  r igh t  of 

In  

The 

A t  t he  source plane t h e  two calculations should give the  same re- 

The agreement f o r  distances of up t o  20 cm from the source plane indicates 

- 24 - 
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CONCLUSIONS 

The results presented in Figures 1 through 10 are typical of those 

obtained for aluminum as a function of source energy, source location, and slab 

thickness, The calculated dose rates within aluminum slab shields for cases where 

the source plane is located at least 10 an from a slab boundary are in good agree- 

ment with the calculated infinite medium dose rates, 

The effect of both of the slab boundaries on the dose rate transmitted 

through aluminum varies with the source location, 

appear separable only when the source is located at least 10 cm from one of the 

The effects of these boundaries 

e 1 Qh h n q v n r l g r i  oc a*-" "YU.&"U. *"a. 

The magnitude of the transmitted fast-neutron dose rate for aluminum slab 

shields is seen to be highly dependent on the source location within the slab as 

well as on the slab thickness, Nhen the neutron source is located at one of the 

slab boundaries, then the shape of the transmitted fast-neutron dose rate angular 

distributions as a function of slab thickness appears to have reached an equili- 

brium for slab thicknesses greater thanN10 cm. 

tance, the shape of the angular distribution of the transmitted fast-neutron dose 

rate does not appear to change with slab thickness, but the magnitude of the dose 

rates increases with increasing slab thickness up to slab thickness of about 10 cm 

larger than the source-detector distance. 

rate for larger slab thicknesses, 

For a given source-detector dis- 

There is no increase noted in the dose 

The data presented in this paper shows that considerable error could be 

introduced into a machine calculation of the fast-neutron dose resulting from 

proton-induced nuclear evaporation in a space vehicle shield by the use of dose 

rate transmission factors obtained from calculations for a plane isotropic source 
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in ei her an infinite medium or a semi-infinite medium of aluminum. 

Calculations similar to those described in this paper are also being 

made for polyethylene, carbon, and iron, 

as well as those described above for aluminum are being compiled in a form 

which will be convenient for application in further machine calculations. 

The results from these calculations 
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